Charge density wave (CDW) is a unique phenomenon mostly realized in twodimensional (2D) metallic layered transition metal dichalcogenides (TMDCs). Here, we report on Raman spectroscopy of single crystal 1T-VSe2 and observed signature of commensurate CDW (C-CDW) and incommensurate (I-CDW) transition, in the temperature range of 50-120 K.
Layered TMDCs provide a rich platform for research with their wide range of physical properties ranging from metallic, semiconducting, superconducting, magnetism along with exotic optical properties. 1 Most 2D materials exist in two stable crystal structures such as 2H (trigonal prismatic) and 1T (octahedron), where the physical properties depend on the symmetry of the phases. 2 Among the several versatile properties, CDW is a novel phenomenon realized in 1T and 2H polytypes of many metallic layered TMDCs, such as NbSe2, TaSe2, TaS2, VTe2, VSe2, and has been received a rapid scientific and technological attention for many body interactions and potential applications in memory devices and oscillators. 3 CDW is a low-temperature ordered phase arising from periodic modulation of conduction electron densities accompanied by periodic distortion of atomic lattice. 4 The origin of CDW in TMDCs have not achieved any general scientific consensus and remained a topic of investigation so far. 5, 6 The commonly accepted argument for origin of CDW is based on Kohn's anomaly where the electronic charge density is modulated periodically, which is represented with ordering vector, Q. The CDW develops an energy gap at the Fermi surface and thus Fermi surface nesting. 7 However, there are several recent reports suggesting that nesting alone is insufficient to explain the ordering vector, Q, especially for systems of 2D and higher dimensions. 6, 8 In the case of 2H-NbSe2 and ErTe3, the strong electron-phonon coupling plays a major role for determining the ordering vector than Fermi surface nesting. 9 Based on the periodicity of Q, CDW has been classified as commensurate CDW (C-CDW), nearly commensurate (N-CDW) and incommensurate CDW (I-CDW). In C-CDW phase, the Q is integral multiple of reciprocal lattice vector of undistorted phase, whereas in I-CDW phase it is not.
1T-VSe2 shows I-CDW transition ~ 110 K and C-CDW transition ~ 80 K which have been studied using X-ray diffraction technique, 10 inelastic X-ray scattering technique, angle resolved photoemission spectroscopy, 11 transport measurement. 12 1T-VSe2 is iso-structural with 1T-TaS2 and Four probe electrical resistance (R) and magnetization (χ) measurements were performed from 2 K to 300 K using Quantum Design make physical properties measurement system and magnetic properties measurement system, respectively. Micro-Raman measurements were done using Horiba Jobin-Yvon LabRAM HR evolution Raman spectrometer in back scattering geometry with solid state laser excitation (~ 532 nm), 1800 gr/mm grating and Peltier cooled CCD detector.
Temperature dependent micro-Raman measurement was performed by using Montana cryostation in the temperature range of 3 K -300 K. Field emission scanning electron microscopy (FESEM) images and elemental mapping using EDA were recorded through JFEI, USA make Nova Nano SEM-450 (supporting information).
Result and Discussion
The XRD pattern and Reitveld refinement of the VSe2 is shown in FIG. 1 (a interactions. In general, the VSe2 has trigonal crystal structure with 1 3m P  space group (FIG. 1(b) ), however, there is mild possibility of self-intercalation of V atoms between the van der Waals gap of VSe2, thus occupying two different sites V1 (0, 0, 0) and V2 (0, 0, 0.5). 20 Such self-intercalation is commonly observed due to synthesis at high temperature. 21 21, 23, 24 Localized magnetic impurities can result in scattering of conduction electrons through s-d exchange interactions and the upturn observed in R (or resisitivity ( )) through such interaction is described as Kondo effect. 25 The dependence of with T including Kondo effect is represented with equation At high temperature above CDW transition, one formula unit of VSe2 has three atoms per unit cell, 16, 26 thus, has nine zero-center vibrational modes, which can be presented with irreducible representation, FIG. 3(a) shows Raman spectra at 300 K having three peaks at 206, 257 and 332 cm -1 and all the modes are fitted with Lorentzian function. For VSe2, Sugai et. al. 27 have reported that the sharp peak at ~ 206 cm -1 is A1g symmetry. Due to the lack of group theoretical analysis of vibrational modes for 1T-VSe2, the origin of the two new peaks ~ 257 cm -1 and ~ 332 cm -1 could not be assigned and thus requires further investigations. We have performed the polarized Raman spectra (FIG. S3, supporting information) to confirm the origin of these modes. The sharp A1g mode is observed only in perpendicular polarization while the mode ~ 257 cm -1 is present in both parallel as well as perpendicular polarization measurements. 27 Thus, the mode at ~ 257 cm -1 has Eg symmetry. In low-dimensional conducting systems, such as highly anharmonic TMDCs, the anharmonicity plays an important role in formation of CDW through lattice distortion. For instance, in the Raman scattering an incident photon excites an electron-hole pair which can couple to an optic phonon. This phonon can decay to two-phonons with equal and opposite wave vectors through cubic anharmonicity of the system and resulting in a 2ph peak. 28 The 2ph process is a higher order process with weak intensities and it can carry the signature of Kohn anomaly phonon if the two wave vectors of 2ph are ±2kF. Broad and weak feature of 2ph mode has also been observed above 300 cm -1 for 1T-TiSe2 through Raman spectroscopy. 29 Considering the fact that 1T-TiSe2 has similar crystal structure and comparable molecular masses of V and Ti, the origin of the new modes can be consigned using the knowledge of vibrational modes of 1T-TiSe2. 26, 29 Therefore, the broad feature ~ 332 cm -1 for 1T-VSe2 can be related with two phonon process (2ph) as assigned for 1T-TiSe2. 16 The low temperature (10 K) Raman spectra (FIG. 3(b) ) has five Raman modes and is quite distinct from the 300 K. The peaks observed ~ 144 cm -1 , ~ 171 cm -1 , ~ 211 cm -1 , ~ 251 cm -1 and 320 cm -1 are assigned to doubly degenerate Eg(2), A1g, A1g, Eg and 2ph modes, respectively. 30 Schematic of vibrational modes of A1g and Eg (2) are shown in FIG. 3(c) . Here, A1g mode represents out-of-plane vibration (along c-axis) of Se atoms, while the doubly degenerate Eg(2) mode is associated with opposite vibration of Se atoms relative to each other along a-axis and b-axis.
To understand the role of CDW on phonons, we perform temperature dependent Raman study from 300 K to 10 K, as shown in FIG. 4 . From 300 K to 120 K, the three Raman modes A1g, Eg and 2ph remain exist and the intensity of Eg and 2ph is weak with broad spectral feature. The consistency between 120 K and 300 K Raman spectra confirms the stability of trigonal structure up to 120 K. However, below 120 K, the intensity of the broad Eg mode starts to rise significantly and becomes comparable with the intensity of most intense A1g mode. Further, the doubly degenerate Eg(2) mode starts to appear prominently between 100-10 K (shown in the red rectangle). Such modulation in the Raman spectra with temperature can be related with the onset of CDW transition below 120 K, as the size of the unit cell increases due to formation of superlattices. 27 Thus, the vibrational spectra is dramatically modulated by the formation of superlattices which have been probed by Raman and FTIR studies. 31 For instance, in the case of incommensurate distortions, the translational symmetry of the lattice is lost and the restriction of first order Raman scattering to zone center phonons is relaxed, resulting in participation of all of the modes of the material in first order Raman scattering. Interestingly, a very minor peak of A1g ~ 171 cm -1 appears at 40 K spectra and grows further in low temperature spectra (shown in green rectangle), as reflected in R measurement for the onset of commensurate phase below ~ 50 K. The behavior can be understood by the formation of commensurate superlattice where the size of Brillouin zone reduces, which is resulting in the folding of phonon dispersion curves. This can lead to appearance of new zone center phonons compared to undistorted structure. Therefore, the appearance of out-of-plane A1g mode below 50 K can be associated with formation of commensurate superlattice. Further, in earlier studies on X-ray investigation of superlattice at I-CDW and C-CDW transitions demonstrated the significant variation along c* axis at C-CDW transition whereas the component along a* axis remains independent of temperature, therefore the appearance of out-of plane A1g mode at ~ 50 K is a signature of C-CDW transition.
To explore the correlation between CDW transition with phonon energy and its intensity on temperature, the variation of peak position of Eg (2) 
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, where 0  is the phonon peak position/frequency of Eg (2) and Ag mode at absolute zero temperature, m is the first order temperature coefficients of the two modes. 32 The fitted curve is shown as solid line in FIG. 5(a) . The m values for Eg (2) 2kF is related to generalized electronic susceptibility at 2kF which results in large two phonon scattering intensity from Kohn anomaly modes. 33 Similar softening of the two phonon process is commonly observed in bulk and thin films of TaSe2 in Raman spectra below I-CDW. 19 The intensity of Eg mode which is active in both the CDW transitions enhances strongly below I-CDW transition temperature ~ 100 K as shown in FIG. 5(b) suggesting the coupling of Raman modes with CDW transitions.
Conclusion
In summary, the novel phenomenon of CDW has been investigated in single crystalline 1T-VSe2 using temperature dependent resistance measurement and Raman spectroscopy. The hump in resistance measurement below 110 K is related to onset of I-CDW, while the existence of C-CDW ~ 50 K is confirmed by dR/dT. Appearance of five Raman active modes at low temperature suggests the reduction in size of Brillouin zone due to formation of superlattices. At the onset of I-CDW, the intensity of Eg mode ~ 257 cm -1 enhanced significantly and Eg(2) mode appeared ~ 114 cm -1 . Softening of Eg mode and 2ph process below I-CDW signifies the role of electron-phonon coupling through Kohn anomaly in CDW transition. 
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